Introduction
After its release from the testis, the ejaculated mammalian spermatozoon must undergo additional changes before it is able to unite with the oocyte. Spermatozoa must become capacitated (Austin, 1951 (Austin, , 1952 Chang, 1951) and complete the acrosome reaction (Austin & Bishop, 1958) before fertilizing the egg. These prerequisites have been elucidated by studies of populations of ejaculated spermatozoa. However, it is more difficult to define the precise characteristics of the single sperm¬ atozoon which reaches the egg membrane and fuses with it. This is because only one of millions of spermatozoa in the ejaculate actually fertilizes the oocyte, and because the ejaculate is a heterogeneous population of cells, many of which may never become competent to fertilize.
To assess the fertilizability of individual spermatozoa in the mouse ejaculate we have used procedures which yield a population of uniformly acrosome-reacted spermatozoa, and have examined the ability of individual cells selected randomly from these preparations to fertilize the oocyte after mechanical insertion under the zona pellucida (Barg et ai, 1985) . Capacitated, acrosome-reacted spermatozoa, if rendered immotile, were unable to fertilize the egg when inserted under the zona pellucida. A striking observation in these experiments was that mechanical manipu¬ lation of the distal flagellar membrane resulted in an immediate cessation of sperm motility, suggesting that mechanical contact with the flagellum induced a change in membrane properties which then rendered the spermatozoa nonfunctional.
To test this possibility, we exposed acrosome-reacted spermatozoa to membrane ion-pump inhibitors that would not interfere with motility but which would alter the sperm membrane poten¬ tial. Previous experiments had shown that ouabain, a potent inhibitor of Na+-K+ ATPases, interfered with sperm motility only at relatively high concentrations, and stimulated motility at low concentrations in some organisms (Nelson & McGrady, 1981) . Because ouabain had also been shown to block the acrosome reaction in hamster spermatozoa (Mrsny & Meizel, 1981) , it was necessary to obtain a population of spermatozoa that was extensively acrosome-reacted before ouabain exposure. We accordingly used dibutyryl cyclic guanosine monophosphate (dbcGMP) to produce uniformly acrosome-reacted, motile spermatozoa, and examined the effect of ouabain and digoxin, another Na+-K+ ATPase inhibitor, on the ability of such spermatozoa to fertilize the zona-free mouse oocyte.
Materials and Methods
Mice used: egg and sperm recovery. CD-I female mice were obtained from Charles River Breeding Laboratories.
B6D2fj male mice were purchased from the Jackson Laboratory, Bar Harbor, Maine. Mice were maintained on a 14 h light: 10 h dark schedule. CD-I females were induced to superovulate at 6 weeks of age with 5 i.u. PMSG (Gestyl: Organon, W. Orange, NJ) at 16:00 h followed 48 h later by 2-5 i.u. hCG (Pregnyl: Organon). Females were killed at 08:00 h the morning after injection and the oviducts were removed into bicarbonate-buffered medium (Hoppe & Pitts, 1973) supplemented with 4 mg bovine serum albumin/ml. Oviducts were opened with forceps and unfertilized eggs were expressed into depression slides containing the same medium supplemented with 1 mg hyaluronidase/ml. After the granulosa cells were dispersed, the eggs were removed and washed in 2 ml culture medium equilibrated with 5% C02 in air at 37°C. The standard medium used was a modification (Thadani, 1982) Preparation ofspermatozoa. Spermatozoa were expressed from each distal vas deferens and cauda epididymidis of male mice and placed in medium supplemented with 60% sodium lactate syrup (4 µ /ml). After prior incubation to allow dispersal and capacitation, spermatozoa were divided into experimental groups for further treatment as described below.
Induction of the acrosome reaction in vitro. It has been shown by electron microscopy that incubation for 2 h is by itself sufficient for induction of the acrosome reaction in 20-30% of mouse spermatoza (Barg et al, 1985) . However, when such sperm preparations are used to inseminate eggs, the possibility cannot be excluded that other spermatozoa which undergo the acrosome reaction after insemination are those which actually fertilize the oocyte. Since ouabain, the ion-pump inhibitor used in this study, is known to block the acrosome reaction (Mrsny & Meizel, 1981; Mrsny et al, 1984) it was necessary to establish that ouabain did not prevent fertilization by blocking the acrosome reaction in spermatozoa that were not acrosome reacted at the end of the incubation period. Accordingly, a series of experiments was performed wherein the spermatozoa were exposed to dbcGMP before ouabain treatment. The concentrations and exposure times applied to guinea-pig spermatozoa (Santos-Sacchi & Gordon, 1980) were used in the present experiments with the modification that mouse spermatozoa were preincubated to achieve optimal capacitation before induction of the acrosome reaction by dbcGMP.
After incubation for 1 h 30 min or 2 h in capacitation medium, spermatozoa were transferred to medium supple¬ mented with 12 mM-dbcGMP and 10 mM-imidazole, and incubated for an additional 30 min. This protocol was found to induce maximal acrosome reactions as demonstrated by electron microscopy.
Tests of zona penetration by dbcGMP-treated spermatozoa. After exposure to dbcGMP, spermatozoa were tested for their ability to penetrate the zona pellucida, by performing inseminations of zona-intact oocytes retrieved after superovulation. As a test of the in-vitro fertilization procedures, pairwise inseminations with untreated spermatozoa were conducted. Differences in fertilization rates after insemination with equal numbers of treated and control spermatozoa were then compared.
Treatment with ion-pump inhibitors. After incubation in culture medium or culture medium followed by dbcGMP treatment, spermatozoa were centrifuged at 600 g for 10 min. They were then resuspended in culture medium supple¬ mented with 10 times greater concentrations of ouabain such that the final concentration was equal to that desired for insemination. Spermatozoa were incubated in ouabain for 20 min before insemination. In a single experiment, spermatozoa were treated with 100 pg digoxin/ml for the same 20 min period and then combined with oocytes at this same concentration of digoxin.
In experiments in which spermatozoa were not exposed to dbcGMP, they were incubated for 2 h or 2 h 30 min in culture medium and 20 min in ouabain. Control groups exposed neither to dbcGMP nor ouabain were incubated for 2 h 20 min or 2 h 50 min in normal medium. Thus all sperm preparations were preincubated for the same period before insemination. 96%, < 0-01). Spermatozoa treated with dbcGMP were also inhibited at 10~7 M-ouabain, with 56% of the eggs fertilized. In contrast to spermatozoa capacitated for 2 h, those capacitated for 2 h 30 min were not more resistant to ouabain than controls. At 10~* or 10"7 M the fertilization rate was not higher after treatment with dbcGMP than without exposure to this compound.
Ouabain blocks fertilization, but not sperm attachment
In control inseminations spermatozoa bound rapidly to zona-free oocytes. After oocyte activa¬ tion the number of bound spermatozoa was reduced. Activated oocytes could therefore be readily identified before the appearance of a second polar body or pronuclei, and a relative paucity of bound spermatozoa was evident at the time eggs were scored for fertilization (Fig. 2a) . As with the controls, inseminations in the presence of ouabain were characterized by a rapid binding of numerous spermatozoa to the egg surface. However, oocyte activation never took place. Neither second polar bodies nor pronuclei appeared. At the end of the fertilization period, large numbers of spermatozoa were still seen attached to the oocyte surface (Fig. 2b) .
Ouabain does not block fertilization by non-specific toxic effects upon the gametes As a test for ouabain toxicity, experiments were conducted wherein spermatozoa or eggs were preincubated in ouabain adjusted to concentrations at least 100 times greater (10"3 m) than those needed to inhibit fertilization totally, and 10 000 times greater than concentrations needed to impair fertilization noticeably. They were then washed and inseminated in normal medium. After treatment of spermatozoa in this manner, 133/137 (97%) of zona-free eggs were fertilized, while treatment of eggs followed by washing resulted in 43/43 (100%) fertilization rate. These high concentrations therefore had no inhibitory effect upon spermatozoa or eggs. It was not possible to rule out effects of ouabain on oocytes as well as spermatozoa. That ouabain has an effect on spermatozoa was demonstrated by the observation that spermatozoa preincubated for 2h were more resistant to 10"6 m ouabain than were those capacitated for 2 h 30 min. We were unable to demonstrate a direct effect on the oocyte because oocytes were fertilized normally after washing and insemination regardless of the protocol of ouabain exposure.
Discussion
We have used dbcGMP to induce the acrosome reaction in nearly 100% of mouse spermatozoa and have demonstrated that such spermatozoa are normal in their ability to fertilize oocytes. This acrosome-reaction induction protocol thus contrasts with calcium ionophore treatment (which renders spermatozoa immotile) and allowed separation of the inhibitory effects of ouabain on acrosome-reaction induction from its potential action upon gamete fusion itself. The results presented show that, when exposed to very low concentrations of ouabain, acrosome-reacted spermatozoa are unable to fertilize zona-free mouse oocytes. Because in other systems inhibitors such as ouabain lead to alterations in membrane potential, these findings suggest that the gamete membranes require a potential in order for fusion to take place.
It was important in these experiments to establish that the spermatozoa were acrosome reacted before ouabain treatment. Previous work with the hamster has demonstrated that ouabain will block the acrosome reaction and thereby indirectly block fertilization (Mrsny & Meizel, 1981) . It is well established that incubation of mouse spermatozoa in appropriate media for 1-2 h induces the acrosome reaction in sufficient numbers of spermatozoa for fertilization to take place (Rogers, 1978; Thadani, 1982) . The present experiments agree with these data, showing that spermatozoa incubated for 2 h 20 min and then exposed to zona-free oocytes readily fertilize the egg (Table 1) . However, examination of mouse spermatozoa by electron microscopy (Barg et ai, 1985) Although the best recognized action of ouabain is inhibition of Na+-K+ ATPases (Garrahan & Glynn, 1967; Jorgensen, 1982) , and it does inhibit these enzymes in human (Peterson & Freund, 1973) , bull (McGrady, 1979) , and boar (Uesugi & Yamazoe, 1966) spermatozoa, the drug has other effects. Ouabain inhibits glycolysis in human spermatozoa at concentrations as low as 2 10"6 m (Peterson & Freund, 1973) , and lowers flagellar beat frequency and amplitude of bull spermatozoa at concentrations of ouabain greater than 10"6m (McGrady, 1979) . However, 10~6M-ouabain also reduces the membrane potential from -8-0 to -5-6 mV after 20 min, an incubation time identical to the preincubation employed in our experiments (McGrady, 1979) . Thus, while motility is changed slightly in bull spermatozoa at 10~6M-ouabain, membrane potential is significantly altered.
That ouabain blocks fertilization by ion-pump inhibition in the present system is supported by limited studies with another Na+-K+ ATPase inhibitor, digoxin. At a concentration of 100 µg/ml this substance blocked fertilization in 18/18 zona-free oocytes exposed to capacitated, acrosomereacted spermatozoa. Because these drug concentrations are very high, the full set of controls performed with the ouabain studies were not extended to those with digoxin. The cumulative data support the idea that ion-pump inhibition with consequent alteration of membrane potential is the cause of the fertilization block.
If ouabain blocks fertilization by ATPase inhibition, it should be possible to demonstrate ATPase activity at the cell surface. Tests for ATPase activity at the surface of the unfertilized mammalian egg have not to our knowledge been conducted. Although ouabain-sensitive ATPases have previously been localized to the periacrosomal segment of the plasmalemma in cauda epididy¬ mal rabbit and guinea-pig spermatozoa (Gordon, 1977) In the presence of ouabain, spermatozoa bind avidly to the egg membrane but do not activate development. As shown in Fig. 2 (Gordon & Talansky, 1986) . One advantage of dbcGMP is that the prolonged incubation required by the lysolecithin-Ficoll protocol, which also induces the acrosome reaction (Fleming & Yanagimachi, 1982) , may not be necessary. We are now conducting time-course and concentration-dependency studies to characterize better the effects of dbcGMP, and determine its potential for improving the fertilizing capacity of ejaculated spermatozoa. This work was supported by NIH grant no. HD18631 (J.W.G.). We thank Gregory S.
Rudomen, CUNY, for excellent technical assistance.
